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Self-adaptive optical systems for long-distance
flying optics
Zhaogu Cheng, Zhiping Zhang, and Jianqiang Zhu
The focusing characteristics of long-distance flying optics were studied systemically for TEMmnGaussian
beams. The results show that the ABCD law of parameter q can be extended to Gaussian modes of any
order when waist radius w in the imaginary part of parameter q is replaced by Rayleigh range ZR of a
certain resonator in the equation. The difference between the real focal length and the geometric focal
length, defined as f, was calculated for laser applications. A novel self-adaptive optical system was
demonstrated for precisely controlling the focusing characteristics of long-distance flying optics. Theo-
retical analyses and experimental results were consistent. © 2006 Optical Society of America
OCIS codes: 140.3390, 220.2560, 220.4830, 350.3850.
1. Introduction
Compared with conventional technologies, laser-based
material processing offers a series of advantages: small
heat-affected zones; precise, stable, and contact-free
operation, and so on. However, these advantages can
be obtained only if the focusing quality and positioning
onto the workpiece are tightly controlled, which re-
quires precise beam positioning and focusing systems.
The flying-optics laser delivery system is ideal for large
format cutting and welding applications. Both the
workpiece to be processed and the laser source remain
stationary, while the laser beam is directed from over-
head on a high-speed, low-mass gantry system that
houses the focusing mirror or lens. This procedure re-
sults in extremely high acceleration rates and better
accuracy and repeatability.
In this paperwe study the focusing characteristics of
flying optics of Gaussian beams theoretically and ex-
perimentally. Recently much attention has been paid
to the study of focusing characteristics that include
changes in the difference between real focal length and
geometric focal length, focal spot size, and focal depth
for laser applications.1–5 The difference between the
real focal length and the geometric focal length, which
is defined asf, can be calculated for laser processing.
A novel self-adaptive optical device containing two
deformable mirrors was studied, yielding high accu-
racy in controlling the focusing characteristics for
long-distance flying optics.
2. Focusing Characteristics of Gaussian Beams
without Resonator Distortion
It is difficult to get a pure TEM00 mode beam in a
high-power CO2 laser. Usually the output beam is a
mixture of TEM00, low-order, and high-order modes.
The main optical parameters of a practical laser
beam include beam waist radius w, beam divergence
angle  (half angle), and Rayleigh range ZR (the prop-
agation distance at which beam radius is 2 times the
waist’s radius). It is well known that there are the
following relationships between the TEM00 mode and
high-order modes TEMmn:
wmnMw00, (1)
mnM00, (2)
ZR
wmm
2
M2
, (3)
wmnmnM
2w0000M
2, (4)
where the subscripts 00 and mn are for TEM00 and
high-order TEMmn modes, respectively, M
2 is a beam
quality factor, and  is the beam’s wavelength.
In most applications the laser beam is used after it
has been focused by a focal lens or a focal mirror.
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Focusing of a Gaussian beam is equivalent to imaging
of the beam waist. For a TEM00 mode its complex
parameter q00z is6
1
q00z

1
R00z

i
w00
2z
, (5)
where R00z is the radius of curvature of the beam’s
wavefront and w00z is the beam’s radius at point z
from the laser output window, as shown in Fig. 1.
After being transformed by an optical system (such as
a focal lens), the complex beam parameter q00z can
be expressed as6,7
q00z
Aq00zB
Cq00zD
, (6)
where A, B, C, and D are the matrix elements of the
optical system shown in Fig. 1. The transform matrix
is written as
A BC D 1 f 0 1 1 01f 11 z z00 1 
 1
f 
f z z0
f 
f z z0 f 

1
f 1
z z0
f
, (7)
where f is the real focal length, f is the geometric
focal length, and z and z0 are the positions of the focal
lens and the beam waist, respectively.
From the above analysis, the ABCD law of param-
eter q is valid only for the TEM00 mode of a Gaussian
beam.8 It is well known that, for a Gaussian beam,
the focusing of the beam is equivalent to the imaging
of the beam waist. Under this condition, radius of
curvature R00z is infinite andw00 is the waist radius
of the TEM00 beam at position z0, as shown in Fig. 1.
We now write q00z0 as q00. Equation (5) can be re-
written as
1
q00

i
w00
2. (8)
For the TEM00 mode and divergence angle 00 
w00, from Eqs. (1) and (2) the following equation
can be obtained:
1
qmn
i
mn
wmn
, (9)
where wmn and mn are the waist radius and the di-
vergence angle of the TEMmn modes of the Gaussian
beam, respectively. From Eqs. (3) and (4), for a cer-
tain resonator the Rayleigh range of Gaussian beams
of high-order modes can be expressed as
ZRwmnmn. (10)
Substituting Eq. (10) into Eq. (9), we can extend the
ABCD law of the q parameter in Eq. (6) to a Gaussian
beam of any order of mode (i.e., TEMmn; m and n are
arbitrary nonnegative integral numbers):
1
qmn

i
ZR
. (11)
Using Eqs. (6), (7), and (11), we can study the fo-
cusing characteristics of Gaussian beams of any order
of mode. The values of f from the real focal length f
and the geometric focal length f, of focal spot size w,
and of focal depth h can all be obtained as follows:
f f2z z0 f	ZR2 z z0 f2
, (12)
w2


M2f2ZR	ZR2 z z0 f2
, (13)
h f2ZR	ZR2 z z0 f2
, (14)
where h is defined as the axial distance at which the
spot size of the beam is extended to 2 times its waist
radius, namely, the new Rayleigh range of the fo-
cused Gaussian beam.
From Eq. (12) we know that, when location z of the
focal lens or the focal mirror satisfies the condition
z  ZR  z0  f, f reaches its maximum:
fmax f
22ZR. (15)
For a certain resonator with stable parameters,
Eq. (15) can be used for Gaussian beams of any order
of modes.
3. Self-Adaptive Optical System
According to Eq. (15), we can evaluate the maximum
changes of the focal lengths for several typical lasers,
provided that the geometric focal length is 200 mm.
The results are given in Table 1. According to Table 1,
the maximum change of focal length fmax can be
calculated.
Based on above theoretical study, a self-adaptive
optical system, which is illustrated in Fig. 2, was built
to eliminate the flying-optical effect on the focal length
and the focal spot size in flying-optics laser processing.
Fig. 1. Parameters that influence the Gaussian beam’s focusing
characteristics.
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A photograph of the self-adaptive focusing machine is
presented in Fig. 3. For controlling such three-axis
scanning systems that contain self-adaptive optics,
real-time capable PC interface boards were used. In-
terface boards synchronized the scanning system,
workpiece handing, and laser beams. The system was
composed of two deformable mirrors, a focal mirror,
and some other optics. A photograph of the two de-
formable mirrors (one adaptive convex mirror, DM1,
and one adaptive concave mirror, DM2) is shown in
Fig. 4. Both deformable mirrors were made from cop-
per, with thicknesses of 2 mm and diameters of
60 mm. They could be driven by coolant oil. Their
radii of curvature were 4000 and 3200 mm, respec-
tively, for the convex and the concave deformable
mirrors with zero pressure. For laser processing of
long-distance flying optics without using adaptive op-
tics, usually the focal length and the focal spot size
will change with flying distance z. The focal lengths of
DM1 (convex mirror) and DM2 (concave mirror) are
f1 and f2, respectively. f is the geometric focal length
of the focal mirror (FM). L is the distance between the
laser output window and DM1. f= (real focal length) is
the distance between the focus point position and the
FM. L1 and L2 are the distance between DM1 and
DM2, and the distance between DM2 and FM, respec-
tively, as shown in Figs. 1 and 2. The optical system
on the left-hand side of Fig. 2 was used for adjusting
distances L for long-distance flying optics.
If the imaging aberration caused by the tilted input
beam is neglected, the optical system in Fig. 2 is
equivalent to the optical model in Fig. 5. The propa-
gation matrix of the self-adaptive system shown in
Fig. 5 is
A BC D 1 f0 1 1 01
f
11 L20 1  1 01
f2
11 L10 1 
1 01
f1
11 L0 1. (16)
In Eq. (16), f1 and f2 change with the change of radii
of curvature of the two deformable mirrors. Distance
L is also variable for laser processing of flying optics,
whereas other parameters are all fixed in the exper-
iment. Thus the elements of matrices A, B, C, and
D, which contain the variables f1, f2, and L, can be
calculated. In this case, Fig. 5 can be further simpli-
fied, as shown in Fig. 6. So Eq. (16) can be written as
A BC D 1 f0 1a bc d1 L0 1
 a cf a cfL bdfc cLd . (17)
Furthermore, matrix elements A, B, C, andDmust
satisfy the following relationships:9
AZRDZR,
BCZRZR 0, (18)
Fig. 2. Flying-optics laser processing system equipped with self-
adaptive optics.
Fig. 3. (Color online) Photograph of the self-adaptive optical
system.
Table 1. Maximum Change of Focal Length for Typical Lasers (f  200 mm)
Laser
Beam Waist
Radius w (mm)
Divergence Angle
 (mrad)
Rayleigh Range
ZR (mm)
Maximum Change of
Focal Length
fmax (mm)
CO2 (kW) 20 5 4000 5
YAG (100 W) 10 10 1000 20
He–Ne 1 3 333 60
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where ZR and ZR are the Rayleigh ranges of the laser
beam before and after it has been focused. Combining
Eqs. (17) and (18), we can express and w as
f
cLdaL bacZR2
cLd2 c2ZR2
, (19)
w2
1
cLcL 2dd2 c2ZR2
w2, (20)
where f andw are the real focal length and the focal
spot size, respectively. From Eqs. (19) and (20), and
also from Eqs. (16) and (17), we can understand
that if one wants to keep f and w constant when L
changes during laser processing of long-distance fly-
ing optics, it is necessary to vary the radii of curva-
ture of the two deformable mirrors, using computer
control.
4. Experiment
To study the focusing characteristics of the self-
adaptive optical machine, we carried out experiments
using an unexpanded He–Ne laser beam as a light
source. According to its beam radius and divergence,
the Rayleigh range of the He–Ne laser was only
650 mm. We used a focal mirror with a long focal
length of 1500 mm to observe the experimental re-
sults. As the focal length of the mirror was signifi-
cantly longer than the Rayleigh range of the He–Ne
laser, it was easy to observe the changes of the focal
length and the focal spot size during the flying-optical
experiment.
In our experiment we found that, when flying dis-
tance L changed by several meters, we could change
the radii of curvature of both deformable mirrors to
keep the focal length and the focal spot size nearly
constant. The radii of curvature of the two deform-
able mirrors were controlled by a pressure system to
within 1–10 atm. The relationships between pres-
Fig. 4. (Color online) Photograph of the deformable mirrors. Left,
convex mirror; right, concave mirror.
Fig. 5. Equivalent optical model of the flying-optics system in
Fig. 2.
Fig. 6. Simplified optical model of Fig. 5.
Fig. 7. (Color online) Relationship between pressure and radius
of curvature for a convex mirror.
Fig. 8. (Color online) Relationship between pressure and radius
of curvature for a concave mirror.
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sure and the radii of curvature of the two deformable
mirrors have been tested and are shown in Figs. 7
and 8. Theoretical analysis and experimental results
demonstrated that the ratio of thickness to size of the
deformable mirrors must be carefully designed. Also,
the original radii of curvature of the two deformable
mirrorsmust be carefully chosen to fulfill the require-
ment of the self-adaptive optical system with small
deformable ranges. In this case, a wavefront aberra-
tion with 1 	m peak-to-valley values (110 wave-
length for a CO2 laser) of the deformable mirrors
could be suitable for amiddle-infrared laser system.10
From our experimental parameters in Eq. (15), the
calculated fmax could be at meter level. The large
change in focal length was confirmed by our experi-
ment. By controlling the pressure of the two deform-
able mirrors, we could stabilize the real focal length
for different distances L near a constant value. The
experimental data are displayed in Table 2, showing
all measurement errors below 5%. The theoretical
and the experimental results agree very well.
5. Discussion and Conclusion
The theoretical analyses and the experimental re-
sults all indicated that
(i) In conditions when the thermal distortion of
the mirrors and the work medium (crystals, glasses,
gases, etc.) of the resonator can be neglected,
Rayleigh range ZR of the laser beams is a determi-
nant for a certain resonator with stable parameters.
The Rayleigh range is not related to the orders of the
Gaussian beam; i.e.,
ZR
wmn
mn

w00
00
.
(ii) Under the above condition, the changes of fo-
cal length f and focal depth h are not related to the
orders of TEMmn after the Gaussian beam has been
focused by a lens or a nonspherical mirror. They are
functions only of Rayleigh range ZR, geometric focal
length f, and the distance between the focal lens and
the beam waist z  z0.
(iii) Focal spot size w is proportional to quality
factor M of the Gaussian beam.
(iv) When the location z of the focal lens or the
mirror satisfies the condition z  ZR  z0  f, f
reaches its maximum: fmax  f
22ZR.
(v) A self-adaptive optical system was established.
Our experiments confirmed that the system can main-
tain the real focal length to meet processing require-
ments. In the experiments, by changing the pressure of
the two deformable mirrors we could control the real
focal lengths for different distances L well near a con-
stant value. Themeasurement error was less than 5%.
This study was supported by the Bureau of Com-
prehensive Planning of the Chinese Academy of Sci-
ence and the National Natural Science Foundation of
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Table 2. Experimental Results for the Self-Adaptive Optical System
Distance
L (mm)
Pressure
of DM1
(atm)
Radius of
Curvature of
DM1 (mm)
Pressure of
DM2 (atm)
Radius of
Curvature of
DM2 (mm)
Experimental
Measurement
f = (mm)
9300 6.5 2183 1.0 3275 1228
10300 4.0 2690 2.0 3521 1242
11300 2.5 3325 2.5 3807 1260
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